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Abstract: The water Cherenkov detector array (WCDA) for the large high altitude air shower observatory
(LHAASO) will employ more than 3600 hemisphere 8 photomultiplier tubes (PMT). The good time
performance of PMT, especially the transit time spread (TTS), is required for WCDA. TTS is usually defined
as the TTS of single photoelectron, and usually determined by using single photoelectron counting technique.
A method using the photoelectron spectrum is researched for the measurement of TTS. The method is
appropriate for multi-photoelectrons and makes it possible to measure the TTS of different photoelectrons at
the same time. The TTS of different photoelectrons is measured for Hamamatsu R5912 with the divider
circuit designed in specifically. The TTS of single photoelectron is determined to 3.4 ns at 2.6× 106 and
satisfies the requirement of WCDA.
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1 Introduction
The LHAASO project is to be built at Sichuan
province of China [1]. The main scientific goals of
LHAASO are searching for galactic cosmic ray origins
by extensive spectroscopy investigations of gamma
ray sources above 30 TeV, all sky survey for gamma
ray sources at energies higher than 300 GeV and
energy spectrum and composition measurements of
cosmic rays over a wide range covering knees with
fixed energy scale and known fluxes for all species
at the low energy end. To accomplish these tasks,
the proposed project consists of four detector arrays:
1km2 extensive air shower array (KM2A), 90000m2
water Cherenkov detector array (WCDA), 5000m2
shower core detector array (SCDA) and wide field of
view Cherenkov telescope array (WFCTA), as shown
in Fig.1 [2].
WCDA is a high-sensitivity gamma-ray and
cosmic-ray detector. The main purpose of WCDA
is to survey the northern sky for the very high energy
(VHE) gamma ray sources. The WCDA consists of
4 water ponds, octagonal in shape for each, inscribed
to a square with size 150× 150m2. The depth of
the pond is about 4.5 m. Each pond is divided into
900 cells sized 5× 5m2, partitioned by black plastic
curtains to prevent the penetration of light yielded in
neighboring cells. A PMT resides in the bottom of
each cell, looking upward to collect Cherenkov lights
produced by charged particles produced in the air
shower. It records the arrival time and the charge of
pulses [3]. The PMT used in WCDA is Hamamatsu
R5912, whose properties are close to the requirement
of WCDA.
For a PMT in WCDA, the arrival time of
Cherenkov light generated by an extensive air shower
(EAS) is very short, depending on the depth of shower
front. The shower front of EAS is achieved according
to the time reconstruction of various cell detectors.
This reconstruction depends on the rise time and TTS
of PMT in each cell detedtor. In consideration of
reconstruction accuracy, The TTS of PMT in WCDA
is demanded less than 4.0 ns.
TTS is the deviation in transit time of
photoelectrons between the photocathode and the
anode. The dispersion of transit time in a PMT is
caused by the following sources of time uncertainties:
(1)Variation of the transit time of photoelectrons
between a photocathode and a dynode due to
a different initial velocity and emission angles of
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photoelectrons;
(2)Different transit times of photoelectrons emission
from different points at the photocathode;
(3)Time spread in the electron multiplication [4].
From a Monte Carlo simulation of gammas
from Crab nebula, the number of photoelectrons
distribution for each PMT is shown in Fig. 2.
The distribution is mainly concentrated on 1
photoelectron (43%) , 2 photoelectrons (18%) and
3 photoelectrons (10%)[5]. The detection of these
photoelectrons makes it important to measure the
TTS of these photoelectrons accurately.
TTS of a PMT is usually determined by using
single photoelectron counting technique calling for
an exactly single photoelectron. The disadvantage
of this method is to measure the TTS of single
photoelectron only. To measure the TTS of
various photoelectrons, an accurate method using
the photoelectron spectrum is studied for the TTS
measurement. The method is appropriate for multi-
photoelectrons and makes it possible to measure
the TTS of different photoelectrons at the same
time. Then the relationship of TTS and number of
photoelectrons is studied.
Fig. 1: Layout of LHAASO.
Fig. 2: The nPE distribution for each PMT.
2 Experimental setup
A PMT base is designed for the properties
measurement of R5912, whose schematic is shown in
Fig. 3. The voltage distribution between the cathode,
focusing electrode and first dynode is improved for
the TTS performance [6]. A typical pulse is shown in
Fig. 4, in which the negative pulse is from anode and
the positive from the 10th dynode. The rise time of
pulse is about 4 ns and width is about 20 ns.
An experimental setup is built for TTS
measurement, shown in Fig. 5. The output of laser
(Hamamatsu PLP10-040C) has a 405 nm peak and
70 ps width. The dual timer (CAEN N93B) has two
sync outputs and the ADC (Lecroy 2249W) has a
sensitivity of 0.25 pC. The width of ADC gate (Lecroy
2323A) is set to be 300 ns. The PMT signal from
anode is split into two. One is fed into the ADC to
get the charge spectrum, and the other is fed into the
discriminator connected to a TDC to get the time
information.
Fig. 3: Schematic of R5912 base.
Fig. 4: A typical pulse of PMT. The negative pulse
is from anode and positive from 10th dynode. The
number of incident photoelectron is about 290.
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Fig. 5: Experimental setup for TTS measurement.
3 TTS measurement with SPE
spectrum
The traditional method measuring TTS is the
single photoelectron technique. This method needs
an accurate SPE spectrum. The photoelectron
spectrum is the convolution of charge distribution
and pedestal, which can be described by the following
distribution [7]:
Sideal(x) = p(0,λ)× 1
σ0
√
2pi
e
− (x−µ0)
2
2σ2
0 (1)
+
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n=1
p(n,λ)× 1
σ
√
2pin
e−
(x−nµ)2
2nσ2
where λ is the mean number of photoelectrons
collected by the first dynode, p(n;λ) is the
probability, n photoelectrons will be observed when
their mean is λ, x is the variable charge, µ is
the average charge at the PMT output when one
electron is collected by the first dynode and σ is
the corresponding standard deviation of the charge
distribution.
In measurement, the single photoelectron
spectrum can be determined by the following method:
If the intensity of light reaching the PMT is such that
90 % of the time no signal is observed, the probability
of seeing no photoelectron is p(0,λ) = e−λ = 0.9,
so λ = 0.105. The probability of seeing a single
photoelectron is p(1,λ) = λe−λ = 0.095. Therefore,
p(n,λ) = 1 − 0.9 − 0.095 = 0.005 when n > 1.
Consequently, any signal observed above pedstal
is dominated by single photoelectron events, since
p(1,λ)/p(n,λ)= 21. So when λ< 0.105, the spectrum
is an accurate SPE spectrum. Fig. 6 shows a
SPE spectrum at 1000 V with an amplifier whose
amplification is 31 [8]. The λ is 0.023.
Since the used discriminator is a leading edge
discriminator, with the same threshold, the TDC
time has a jitter because of the different charge of the
PMT pulse. To correct this jitter, a time-amplitude
(T-A) correction is taken, shown in Fig. 7. The
relationship of TDC time and ADC charge is fit with
a polynomial, then all the TDC time is corrected by
this polynomial. Fig. 8 shows the distribution of
transit time after T-A correction. The TTS is defined
as the FWHM of this distribution.
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Fig. 6: A typical SPE spectrum at 1000 V. The
leftmost Gaussian distribution is the pedestal and
the right Gaussian distributions correspond to 1, 2
photoelectrons. The P/V is the peak-valley ratio
of the SPE spectrum. The gain is calculated to be
2.6×106.
Entries  46097
 / ndf 2χ
 143.8 / 53
p0       
 1.4±  1477 
p1       
 14.8± -3589 
p2       
 130.7± -6193 
p3       
 1.038e+003± 2.222e+005 
p4       
 7.120e+003± -3.024e+005 
QDC (0.25 pC)
60 70 80 90 100 110 120 130
TD
C 
(50
 ps
)
1150
1200
1250
1300
1350
 2x
p4
 +  
xx
p3
  + x
p2
 +  
x
p1T = p0 + 
Fig. 7: T-A correction.
Submitted to Chinese Physics C
Entries  46699
TDC (50 ps)
-150 -100 -50 0 50 100 150
Co
un
ts
0
100
200
300
400
500
600
700
FWHM = 3.3ns
FWHM = 3.3 ns
Fig. 8: TTS with a real single photoelectron. The
TTS is calculated to be 3.8 ns.
4 TTS measurement with multi-
photoelectron spectrum
The single photoelectron technique is only for
the TTS of single photoelectron. The number of
photoelectron received by each PMT in WCDA
is mainly 1,2 and 3 photoelectrons. A new
method is researched to measure the TTS of
different photoelectrons. The method uses the
multi-photoelectron spectrum to make it possible to
separate the distribution of different photoelectrons.
Fig. 9 shows the divided distribution with the multi-
photoelectron spectrum. A charge (QDC) cut is
adopted to separate the single, double, triple, four
photoelectrons and more. Fig. 10 shows the ratio
of different photoelectrons with charge. Then the
QDC region is selected to be 60∼70 (Q1) for single
photoelectron, 85∼95 (Q2) for double photoelectrons,
115∼125 (Q3) for triple photoelectrons and 140∼150
(Q4) for four photoelectrons. Fig. 11 shows the
distribution of transit time of different photoelectrons
in the QDC cut range. The fraction of different
photoelectrons and the TTS in different cut ranges
are shown in Table 1. To get the real TTS of
different photoelectrons, the TTS correction follows
the equation:
T1
′2
=A11T1
2+A12T2
2 (2)
T2
′2
=A21T1
2+A22T2
2+A23T3
2 (3)
T3
′2
=A32T2
2+A33T3
2+A34T4
2 (4)
T4
′2
=A43T3
2+A44T4
2+A45T5
2 (5)
where Tn
′
is the calculated TTS and Tn is the
real TTS of different photoelectrons. Anm is the
normalized factor defined by the following formula:
Anm =A
′
nm
/
∑
A
′
nm
(6)
where A
′
nm
is the fraction of different
photoelectrons in each cut range in Table 1, and
it is assumeed that T5 = 2T4/
√
5 to solve the
equation. With the equation, the TTS of 1, 2, 3,
4 photoelectrons is calculated to be 3.4, 2.4, 2.0 and
1.7 ns respectively. Fig. 12 shows the relationship
of TTS and the number of photoelectron and 3.4
ns is the TTS of single photoelectron. The TTS
ratio of single photoelectron and n photoelectrons
approximates
√
n.
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Fig. 9: Multi-photoelectron spectrum in TTS
measurement.
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Fig. 10: The ratio of different photoelectrons with
charge. The single photoelectron is determined from
60 to 70 channels, the double photoelectrons from 85
to 95, triple photoelectrons from 115 to 125 and the
four photoelectrons from 140 to 150.
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Fig. 11: The transit time distribution of different
QDC region.
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Fig. 12: The relationship of TTS and number of photoelectrons.
Table 1: The fraction of different photoelectrons and TTS in QDC cut range.
QDC region Ratio of different photoelectrons TTS before correction/ns TTS after correction/ns
60 ∼ 70 1 pe (88.9%) + 2 pe (10.9%) 3.3 3.4
85 ∼ 95 1 pe (1.0%) + 2 pe (79.1%) + 3 pe (18.9%) 2.3 2.4
115 ∼ 125 2 pe (3.5%) + 3 pe (62.8%) + 4 pe (32.3%) 1.9 2.0
140 ∼ 150 3 pe (6.2%) + 4 pe (61.4%) + 5 pe (32.4%) 1.7 1.7
5 Summary
A new method based on the photoelectron
spectrum to measure the TTS of different
photoelectrons is studied. The advantage of the
method is that the TTS of different photoelectrons is
achieved at the same time. After the correction, The
TTS of single, double, triple and four photoelectrons
is determined to 3.4 ns, 2.4 ns, 2.0 ns and 1.7
ns, which is in inverse proportion to the square
root of the number of photoelectrons. TTS of
single photoelectron is consistent with the single
photoelectron method. TTS of various high voltages
is shown in Fig. 13, from which the measured value
is less than the value provided by the manufacturer
at the same voltage [9]. This method and technique
will be used to batch test of PMT performance for
LHAASO WCDA.
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Fig. 13: TTS at different voltages, compared with
manufacturer.
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